In the past three decades, about 0.93% of people moved from rural areas to cities per year in China. erefore, understanding of the relationships among urban physical environment (UPE), economic development, and population growth are significant for China to realize sustainable urban development. Based on the concept and connotation of UPE and ecocity, the UPE evaluation system was constructed containing 6 first-level of indicators (i.e., climate, quality of ambient air and atmosphere, freshwater, wastewater, built environment, and noise pollution) and 13 second-level indicators. An entropy weight-TOPSIS model was developed in order to evaluate the UPE system, using the data of China's 36 main cities from 2003 to 2016. e coupling coordination degree (CCD) among the UPE, economy, and population was measured by a ternary CCD model. e results showed that (1) the UPE of 36 main cities showed periodic fluctuations throughout the 14 years, and the coastal cities and southern cities had superior UPE than the inland cities and northern cities, respectively; (2) the vast majority of cities' CCD had experienced steady upward trends. UPE, economy, and population promoted mutually in most of the cities, but in a few super cities, the economic development and population growth exceeded the capacity of UPE. Meanwhile, the CCD gaps between the northern and southern cities were significantly widened.
Introduction
At present, more than 50% of the world's population lives in cities, and the urbanization rate is expected to reach 60% by 2030 [1] . e modern society develops surrounding cities. In China, with the rapid urbanization, the urban population is expected to reach 80% in the next 20 years [2] , and 13∼15 million peasants will migrate to cities in the following each year [1] . China's urbanization rate is 59.58% in 2018, in an accelerated developing state [3] . As the carrier of human survival and development, UPE bears tremendous pressure from rapid economic development and continuous population growth. Meanwhile, the quality of UPE affects people's migration decision [4, 5] , and migration (immigration or emigration) successively affects the city's economic development (growth or and decline). e UPE, economy, and population system of the city constitute a complex social ecosystem, interacting with each other. Examining the relationships among the three systems are crucial for cities to achieve sustainable and healthy development. 36 main cities of China were taken as the study objectives which are of great regional influence, including 4 municipalities, 26 provincial capital cities, and 5 planned cities and Suzhou. It should be noted that Lhasa and Suzhou were two exceptions. Lhasa was excluded from the study cities because of the missing data in most years. In addition, Suzhou was selected because Suzhou is known as for "the most developed prefecture-level city in China," whose GDP is perennially in the top ten among all cities, surpassing most provincial capitals [6] .
is research aims to fulfill three primary objectives. Firstly, we intend to construct the UPE indicator system basing on the concept of sustainable development. Secondly, we plan to develop a dynamic entropy weight-TOPSIS method to evaluate the UPE system of the cities being researched, revealing their dynamic trends and spatial distribution in the period of 2003-2016. irdly, this study aims to expound those cities' dynamic trend and spatial distribution of CCD among UPE, economy, and population basing on a ternary coupling model. e rest of the research was organized as follows: Data and methodology are focused on in Section 2 with data sources and preprocessing description, an improved TOPSIS method, and a triple CCD model. An evaluation index system of the UPE, population, and economy is constructed in Section 3. Evaluation results of both the UPE system and the CCD among three systems are given in Section 4. e conclusions and policy implications in this study are summarized in Section 5.
Data and Methods

Data Sources and Preprocessing.
e required data of this study were collected from the China Statistical Yearbook, China Environmental Statistics Yearbook, China City Statistical Yearbook, China Agriculture Yearbook, and China Urban Construction Statistical Yearbook, and so on. e missing data were substituted by moving averages. In particular, due to the revision of the Ambient Air Quality Standard (GB3095-2012) by the Chinese Ministry of Environmental Protection in 2012, the monitoring method of pollutants has been changed, two indicators "Air quality" and "Airborne hazardous substances" being involved (Table 1 ). In order to maintain the comparability of the data before and after 2012, the two indicators were proceeded as follows: with regarding to the indicator "Air quality," we predicted the days of reaching secondary ambient air quality standard in 2012 basing on the data from 2003 to 2011, using the gray prediction method. e difference between the predicted value and the actual value was accepted as an adjustment value to adjust the data after 2012. As for the indicator "Airborne hazardous substances," the content value of PM10 with the changed monitoring method of 2012 has increased about 7% according to relevant research [9] , so the values of PM10 content from 2012 to 2016 were subtracted by 7% to ensure the comparability of the data.
Research Method
Dynamic Entropy Weight-TOPSIS Method.
e steps are as follows, using the entropy weight method [10] to determine the weight of the indicators.
Firstly, normalize the indicators:
where i is the evaluation object (i � 1, 2, . . . , m), j is the indicator (j � 1, 2, . . . , n), and r ij is the normalized value.
x ij is the original value and max x j and min x j are the maximum and minimum values of the indicator j of all evaluation objects. Secondly, calculate the weights of indicators:
After using the entropy method to determine the weight, the technique for order preference by similarity to the ideal solution (TOPSIS) will be applied to evaluate the relative merits of the evaluation objects. e traditional TOPSIS method orders the objects by ordering the distance between the evaluation object and the ideal solution (negative-ideal solution). e evaluation object will perform best while it has both the shortest distance from the ideal solution and the farthest distance from the negative-ideal solution, otherwise, perform worst. e distance between the evaluation object and the ideal solution (negative-ideal solution) is given as
where f ij is equal to the normalized value of the indicator multiplied w j and f ± j is the ideal solution (negative-ideal solution). e relative closeness rc i is taken as the basis of the TOPSIS ordering and calculated as follows:
Using the traditional TOPSIS method, the ideal solution and negative-ideal solution at different time points varied; therefore, it is only applicable to order the evaluation object at a certain time point, failing to reflect the time trend of the evaluation objects. So the TOPSIS method was improved by fixing the ideal solutions and negative-ideal solutions, respectively. Specifically, to a certain indicator, the arithmetic means of the maximum value (minimum value) during the study period is taken as the ideal solution (negative-ideal solution). en, the ideal solution can be calculated as
If the indicator is positive
If the indicator is positive 
where f ± j � N k�1 b ± kj /N is the new ideal solution (negativeideal solution).
Lastly, the new relative closeness is calculated as
where rc i (k) is taken as the comprehensive score of the object i in k year.
CCD
Model. e concept of "coupling" originated from physics, a process in which two or more elements mutually affect each other [11] . e CCD model is now widely used to measure the relationship between urbanization and eco-environment [12] . is study constructed a ternary CCD model to calculate the coordination degree among the UPE, economy, and population of 36 main cities.
Firstly, the coupling degree is denoted as
where U i , V i , and Z i are the comprehensive scores of the three subsystems. Lastly, CCD score D i can be calculated as follows:
where E i represents the level of effect of three subsystems and α, β, c are the weights of the subsystems and α � β � c � 1/3. According to the scores of CCD, the degree of the coupling coordination among UPE, economy, and population can be divided into six development stages [13] as follows: 0. 
The Indicator System of UPE, Economy, and Population
3.1. e Indicator System of UPE. Quinn et al. [14] concluded that the UPE contained the physical structure and infrastructure of the city, including roads, buildings, parks, and so on. Diez Roux and Mair [15] pointed out that the UPE included not only traditional environmental exposures, such as air pollution but also various aspects of the manmade environment (e.g., land use and transportation, street design, urban design, and public space). Handy et al. [7] deemed that built environment comprises urban design, land use, transportation systems, and people's activities in these physical environments. e Bulletin of American Meteorological Society and the US Department of Agriculture believed that exploring the UPE contribute to improving people's living facilities with the use of vegetation, space, and structure [16] . erefore, this study defines the UPE as the necessary material environment for urban residents to survive and develop, including the natural physical environment and artificial physical environment.
China's rapid urbanization in the past three decades has aggravated the conflict between environment and economy, population growth [17] . erefore, the first-level indicator of UPE should be developed basing on the concept of sustainable development, covering the main aspects of the urban material environment which is essential to human activities. Firstly, four indicators (i.e., quality of ambient air and atmosphere, freshwater, wastewater, and noise pollution) were selected as the first-level indicators, referring to the categories of the environment index in International Urban Sustainability Indicators List (IUSIL) [18] . In addition, focusing on the material environment, some management indicators of the IUSIL were abandoned such as "Waste generation and management" and "Mechanisms to prepare and implement environmental plans." Secondly, climate and built environment were added as the first-level indicators. e reasons are as follows: climate reflects the physical characteristics of the atmosphere, affecting human activities. Climate change can indeed affect human migration, with which even the international mobility of the population changes [19] . Lu et al. [20] found that temperature changes had a significant positive impact on population migration in China. In summary, climate is an indispensable indicator of UPE. Finally, human activities in cities mainly occur in the man-made environment. Hence, the built environment should also be added to first-level indicators. In conclusion, the UPE indicator system was constructed with the six first-level indicators (i.e., climate, quality of ambient air and atmosphere, freshwater, wastewater, built environment, and noise pollution) (shown in Table 1 ). e second-level indicators should be both representative and operative. Take the added indicators "Climate" as an example. Although most climate researches focus on temperature and precipitation [21] , humidity and sunshine also affect human activities [22] . So the climate indicator in this study includes four second-level indicators, namely, temperature, humidity, precipitation, and sunshine. Firstly, the indicator of temperature should reflect the optimal temperature; we defined the degree of temperature coincidence c to evaluate the temperature and c � h/(h − H), where h is the difference between the annual maximum temperature and the annual minimum temperature of every city; H is the most comfortable temperature range referring to the China Ambient Air Quality Standards (GB3095-2012). Because the urban temperature ranges of all studied cities are large enough to cover the most comfortable temperature ranges, c can be set to a positive indicator. Secondly, since the optimal humidity varies from person to person, the optimal relative humidity of the human body should also be a range rather than a certain value. Peteris [23] claimed that the optimum humidity range of human perception is from 45% to 55%; consequently, the offset value of humidity L was defined to measure the humidity indicator, and 2 , where x is the annual average humidity and [a, b] is the optimum humidity range for the human body. e greater the value of L, the greater the distance between the humidity of the city and the optimal humidity range; thus, L is a negative indicator. irdly, we use the dryness index to measure whether a city's precipitation is suitable, for the suitable range of precipitation is difficult to be defined directly. When the amount of precipitation is greater than the amount of evaporation, the area is wet; otherwise, the area is dry. e balance of the precipitation and evaporation is accepted as the best dryness, and the value of the dryness will be 1 [24] . e dryness K can be estimated by the formula K � 58.93 × (T/12)/P [25, 26] , where P is the precipitation and T is the biological temperature and T ∈ (0, 30). We finally use the deviation between a city's dryness index and value 1 to evaluate the precipitation indicator, which is a negative indicator. At last, the indicator of sunshine condition is represented by the annual sunshine index. Considering that the longer the sunshine time, the better for plant growth and solar energy utilization, the indicator is set to be positive.
e Economic Indicator System and Population Indicator
System. e economic indicator system and the population indicator system used in this study refer to the previous study [27, 28] . e economic indicator system contains 4 first-level indicators being divided into 10 second-level indicators (i.e., GDP, fixed asset investment, total retail sales of consumer goods, per capita GDP, percentage of secondary industry in GDP, actual utilization of foreign capital, percentage of tertiary industry in GDP, GDP growth rate, productivity of total industry employed persons, and per capital value-added of tertiary industry) (See Table 2 ). e population indicator system consists of total population and number of employees (See Table 2 ). e weights of the indicators were calculated by the entropy weight method (see Supplementary Materials (available here)). e first-level indicators were sorted according to the weights with the following results: climate (27.0%), built environment (25.8%), freshwater (16.6%), quality of ambient air and atmosphere (14.6%), noise pollution (8.8%), and wastewater (7.3%). Climate had the highest weight and was the most influential factor at the first level. e second influential factor was the built environment. ese two factors occupied 52.8% of the total impact. e entropy weight-TOPSIS method was used to calculate the evaluation scores of the UPE system (see Figure 1 and Supplementary Materials). Kunming had the highest average score of 0.607 among all cities from 2003 to 2016, and Lanzhou had the lowest average score of 0.328. e five cities with the most superior UPE were ranked by the average score: Kunming, Haikou, Shenzhen, Xiamen, and Nanning, meanwhile, with the worst UPE five cities Lanzhou, Zhengzhou, Xi'an, Taiyuan, and Harbin in turn. Figure 1 showed that the evaluation scores of 36 main cities generally revealed upward trends in the long term but fluctuations in the short term during the study period. Further comparison of the values of indicators showed that the rising trends of UPE were mainly caused by the improvement of the built environment and air quality. With regard to the built environment, the value of " e proportion of built-up areas in urban areas" and "per capita urban road area" was growing rapidly from 2003 to 2016.
Results and Interpretations
ese results can be considered as the consequence of rapid urbanization and industrialization in China. In fact, most of the cities have experienced unprecedented expansion, and the total urban built-up land area expanded by about 7 times in the past three decades [29] . As for the air quality, China issued the Environmental Air quality Standard (GB3095-2012) in 2012 and the Action Plan for Air pollution Prevention and Control in 2013, recommending to strengthen the monitoring of urban air quality and to significantly reduce the number of inhalable particles. erefore, after 2013, the air quality improved significantly, presented as the increasing of the reaching secondary ambient air quality standard days and the decreasing of the Advances in Civil Engineering PM10 content. In addition, the periodic fluctuation of the UPE primarily attributes to the instability of the climate, with the humidity, precipitation, sunshine, temperature all in fluctuating states. Although the causes of climate instability are still unclear, it is prone to be related to climate warming [30] . e UPE of 36 main cities generally improved rapidly, but a few cities had relatively large fluctuations such as Dalian, Qingdao, and Hefei. Firstly, the UPE score of Dalian increased sharply in 2010 primarily because the average precipitation in Dalian increased by 23.9%, as water resources per capita increased nearly four times in 2009 compared to the previous year. Meanwhile, the appropriate humidity index rose from the 10th place in 2009 to the 1st place in 2010. Secondly, the UPE score of Qingdao also increased sharply in 2011, while the reasons were different. e UPE improvement of Qingdao, mostly due to several much-improved indicators, for example, temperature and humidity of Qingdao, tended to be optimal, the number of per capita buses increased, and the content of PM10 decreased. All these phenomena occurred simultaneously in 2011, leading to a duplicate effect. Finally, the UPE of Hefei undoubtedly showed a downward trend in 2008. e cause may be that the Hefei government committed to building a strong industrial city in 2007. us, the number of industrial enterprises increased by more than 500 in 2008 [31] , leading to the deterioration of some indicators in the year of 2008. For example, the days of reaching the secondary ambient air quality standard dropped sharply with the ranking dropping from the second to the last, and the ranking of the harmful substance content fell to the fourth from bottom.
In order to deeply compare the improvement of the 36 cities' UPE during the study period, the rankings of 36 main cities' UPE scores in both 2003 and 2016 are plotted in Figure 2 . e cities with greater improvement were Chongqing and Suzhou, while Qingdao had the largest decline. From 2003 to 2016, Chongqing's UPE score had the largest amplitude, jumping from the 25th place to 7th. e indicators of "Urban construction level," "Urban green level," and "Air quality" played key roles in the ranking change. During the study period, Chongqing's urban builtup area increased by 906 square kilometers, the green space coverage rate increased by 22.9%, and the days of reaching the secondary ambient air quality standard reached 195 days. As one of the four municipalities directly under the central government, Chongqing has developed rapidly in the past 20 years after the direct administration. e city scale was keeping expanding, with the rapid growth of the built-up area and the increase of urban green coverage. Suzhou was the second-biggest riser, moving up 9 places to 15th mainly due to the decline of airborne hazardous substances. Suzhou issued a document in 2006, announcing the phasing out of backward production capacities, mainly relating to those industries which exert greater pressure on the environment, such as coal, petrochemical, and building materials industries. ereafter, the emission of waste gas and discharge of industrial wastewater were reduced, and the air quality and water environment quality were obviously improved consequently. Qingdao was the city with the biggest drop in the ranking of UPE and dropped from 20th place in 2003 to 32nd in 2016. is result may be explained by the fact that noise pollution of Qingdao increased by 6.76 decibels in 14 years, much higher than other study cities. Compared with other cities, Qingdao urgently needs to strengthen the noise pollution control.
Spatial Distribution of UPE.
To reveal the geographical distribution of UPE, the spatial distribution maps of the 36 main cities' UPE in 2003 and 2016 are shown in Figure 3 and 4. In general, the coastal or riverside cities had higher UPE scores than those cities of inland. is means that the cities located in the coastal areas (e.g., Guangzhou, Shenzhen, Fuzhou, Xiamen, and Haikou) and the cities along the Yangtze river (e.g., Nanchang, Wuhan, Changsha, and Chengdu) have more superior UPE. Secondly, there were notable differences between the northern and southern urban agglomerations, and the UPE scores of the southern cities were higher than northern cities in general. Moreover, the high-scoring urban agglomerations were more concentrated in the south in 2016 than in 2003, while a small number of northern cities' UPE scores even declined, such as Jinan, Qingdao, Xining, and Yinchuan.
ere are several possible explanations for this result. Firstly, the winter weather is cold in northern China, accompanied by the dry climate and big temperature gap, resulting in the low scores of the climate indicator. Secondly, the air quality of northern China is poor. On the one hand, sandstorms occur frequently because of the low coverage of surface vegetation and grassland desertification; comparatively, coal-fired heating and thermal power generation were widely used in northern cities which exacerbate air pollution [32] . In contrast to the northern cities, southern cities' UPE were relatively better. e results may be explained by the following facts. Most of the southern cities are located in the frontier area of reforming and opening-up and experienced the rapid expansion of the built environment; simultaneously, the climate condition of southern cities are better than the northern cities with warm and humid climate and rich precipitation as well. Furthermore, because of the high precipitation, suspended particles are not easy to float in the air, leaving the air quality generally better than that of the north.
CCD among UPE, Economy, and Population
Time Trends of the CCD.
e results of CCD among UPE, economy, and population of 36 main cities are shown in Figure 5 . During the study periods, the CCD of 36 main cities demonstrated overall increasing trends, and the average CCD score of each city was 0.467. e evolution of the CCD system appeared to have two distinct time periods. Before 2009, most of the cities conformed to the "unbalanced development" stage. Afterward, most of the cities moved to the "balanced development" stage. From 2003 to 2008, only five cities achieved the "favorable balanced development" stage. Most of the other cities' CCD scores were between 0.4 and 0.6; in other words, they were in the phase of "barely 6
Advances in Civil Engineering Advances in Civil Engineering unbalanced development" or "slightly unbalanced development." From 2009 to 2016, the CCD score of most cities had reached above 0.5, and twelve cities reached the stage of "favorable balanced development." During the 14 years, the CCD scores of the super cities (i.e., Beijing, Shanghai, Shenzhen, and Guangzhou) were in the "favorably balanced development" stage, but the scores of Beijing and Shanghai had little increase after 2011. e specific scores of the three systems revealed that the economic development level and population growth level both exceeded the comprehensive UPE level in those two cities. Chongqing's CCD is of the fastest growing. In 2016, Chongqing became the only city that reached the "superiorly balanced development" phase. A possible explanation for this may be Chongqing has the absolute advantage of attracting immigration as the only municipality directly under the central government in the vast western region of China. Chongqing exhibited a development mode that population gathered, with the UPE improving and economic growth followed by. It should be pointed out that Dalian's CCD score plummeted in 2015; the main cause may be that the Liaoning Provincial Government began to strictly examine and verify the official statistics since 2015, leading to the shrink of Dalian's GDP and population data [33] . Comparing the specific scores of the three subsystems (see Supplementary Materials) , the UPE scores of the majority study cities were higher than the scores of economy and population, which illustrated that the main development mode in China was the government invested the infrastructure first, and then introduced industries and attracted population. However, the rapid development of the economy and the continuous accumulation of population placed increasing pressure on the UPE. When the UPE capacity was exceeded, the CCD would stop growing or fall back, just as Beijing and Shanghai.
Spatial Distribution of CCD.
e spatial distribution maps of CCD in 2003 and 2016 are shown in Figure 6 and 7. e CCD presented a diversified distribution pattern among different urban agglomerations. For a certain urban agglomeration, the core city takes the high CCD score as the leader. For example, Beijing, Shanghai, Shenzhen, and Chongqing had the highest CCD scores in the four urban agglomerations of Beijing-Tianjin-Hebei, the Yangtze River Delta, the Pearl River Delta, and the Chengdu-Chongqing, respectively. e CCD scores of the cities in the northwest (Yinchuan, Xining, and Urumqi) and northeast (Shenyang, Changchun, Harbin, and Dalian) were generally at a lower level. With the comparison of Figures 6 and 7 , the growth rates of CCD in those two regions were much lower than the cities in the south during the 14 years, and the gap was widening. However, the reasons for the poor CCD of the two regions may be slightly different. e comprehensive UPE 
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scores of the cities in northeast China (Shenyang, Changchun, and Harbin) were at a medium level, but their climate scores were at the lowest level among all study cities because of the extremely cold climate, which probably results in the large population migration; for example, Harbin had experienced population loss, which was rare in all the study cities. e reason for the poor CCD in the northwestern region (Yinchuan, Xining, and Urumqi) should attribute to the joint action of the poor economic foundation and weak centripetal force of population gathering. e CCD of Xining, Hohhot, and Yinchuan had not made significant progress, especially Xining, which was always in the "seriously unbalanced development" stage during the study period.
Conclusions and Discussion
During the last two decades, most of the Chinese cities have experienced a rapid development process. e economic development, population growth placed increasing pressure on the urban environment. Under the background of rapid urbanization, the UPE index system and the triple CCD model developed in this study make it possible to further study the relationship between UPE, economy, and population. Such empirical work can provide an evidence base for future attempts to achieve more sustainable city development.
e results of this research suggest that the indicator of climate (27.0%) made the greatest contribution to the UPE level. e fluctuation of the UPE level mainly attributed to the cyclical changes of climate. e indicator of the built environment weighted the second largest (25.8%) in the UPE system. e overall UPE level of the study cities had slightly improved during 14 years, which were mainly resulted from the continuous improvement of the built environment, the improved water quality after 2008, and the improved air quality after 2013. ese results revealed that the changeable climate made the UPE system fragile.
ose cities with insufficient natural endowment must pay more attention to the adverse impacts of industrial development and the population expansion on the UPE and adhere to the new road of industrialization to achieve the coordinated development among UPE, economy, and population. e CCD of 36 cities had generally increased steadily, most of which presented a path of city development, the improvement of UPE drive the industry, and the industry attract the population. However, in certain super cities (i.e., Beijing and Shanghai), the economy and population development exceeded the carrying capacity of the UPE. is result suggests that most of China's main cities still have a considerable room of the UPE system, but the government should recognize the capacity limitation of the UPE and strive to reduce the environmental impact of the population agglomeration and economic growth by enforcing reduction pollution. Meanwhile, some measures must be taken to increase the capacity of the UPE, such as increasing housing supply, improving public transportation systems, and so on. e CCD of the study cities showed obvious regional differences. In general, the southern cities were of better coupling coordination than the northern cities. Due to the relatively backward economy and slowly growing population, the coupling coordination of both northwest and northeast regions improved slowly. Our findings implicated these cities should seize the opportunity of the national strategy to promote balanced development. As the node cities of the new Silk Road, the northwest cities including Xi'an, Lanzhou, Xining, and Urumqi should take full advantage of the One Belt One Road strategy to develop the economy. e cities located in the northeast region should fully utilize the preferential policies of Northeast Revitalization to promote the reflow of high-quality population.
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